ReseaRch C assava (Manihot esculenta Crantz) postharvest physiological deterioration (PPD) is the major constraint for cassava storage root (CSR) shelf life duration and directly affects cassava production and its value as a raw material for industrial purposes. Symptoms of PPD include blue-black discolorations, which usually appear on storage roots within 24 to 72 h of harvest, thereby rendering the roots unpalatable and unmarketable (Beeching et al., 1998; Reilly et al., 2004) . Postharvest physiological deterioration is also a complex process involving changes not only in enzymatic and protein activities, but also in gene expression and metabolites (Reilly et al., 2004; Iyer et al., 2010; Xu et al., 2013; Vanderschuren et al., 2014; Uarrota and Maraschin, 2015; Zainuddin et al., 2017 and composition are of high importance when evaluating PPD (Kawano and Rojanaridpiched, 1983; Hirose, 1984) . Calcium (Ca 2+ ) and magnesium (Mg 2+ ) are two cationic mineral nutrients that have either structural, physiological, or biochemical functions in growth and stress tolerance in plants. Calcium is an essential component of the plant cell wall that provides mechanical strength for normal transport and retention of other elements (Cakmak and Marschner, 1992) . It has been shown to influence protein phosphorylation in plants by affecting the Ca 2+ -binding modulator proteins such as calmodulin and protein kinases (Budde and Chollet, 1988) . When plants are exposed to a stressful situation, a quick rise in cytosolic Ca 2+ takes place, which is a key factor in the expression of stress-responsive genes and physiological responses of plant cells to such stressful conditions as extreme temperatures, drought, salinity, and pathogenic attack. The changes in cytosolic Ca 2+ concentrations are often closely related to the severity of the stress. A colocalization of the changes in Ca 2+ and a burst of reactive oxygen species (ROS) were observed after pathogenic or environmental stress (Ranf et al., 2011) . The influence of fertilizers containing Ca 2+ and Mg 2+ on the delay of fruit ripening (Aghofack-Nguemezi and Dassie, 2007) and stress tolerance ( Jiang and Huang, 2001 ) was reported in many plants.
Tuber Ca 2+ concentration may increase through fertilization (Ozgen and Palta, 2004) . In potato (Solanum tuberosum L.) tubers, Ca 2+ application can increase tuber Ca 2+ concentration and reduce internal brown spots (Collier et al., 1978 ). An effective postharvest control of bacterial rot in potato was achieved by increasing tuber Ca 2+ concentration through soil fertilization (Conway et al., 1992) and postharvest vacuum infiltration with CaSO 4 or Ca(NO 3 ) 2 .
Magnesium is one of the most important nutrients involved in plant growth and development. It plays a fundamental role in phloem export of photosynthetic substances from photosynthetic organs to the roots (Esfandiari et al., 2010) . Plants under low Mg 2+ supply are not only very sensitive to high light intensity and heat stress but easily become chlorotic and necrotic, probably due to extensive production of ROS (Hermans et al., 2010; Kobayashi et al., 2013) . In plants, when the intracellular Ca 2+ concentration is submicromolar, the concentration of closely related divalent Mg 2+ is millimolar (Aghofack-Nguemezi and Tatchago, 2010). It has been observed that the regulation of root hair development under different Mg levels was Ca-signaling-dependent (Niu et al., 2014) . Interestingly, Mg-defective root hair produces ROS that stimulate hyperpolarization-activated Ca 2+ channels, leading to a root-hair-tip-focused Ca 2+ gradient (Foreman et al., 2003; Niu et al., 2014) . Magnesium also plays an important role in activating some enzymes such as ribulose 1,5-bisphosphate (RuBP)-carboxylase and ATPases (Esfandiari et al., 2010) . It has been suggested that plant cells compensate for low Ca 2+ by increasing Mg transport activity, whereas high Ca 2+ inhibits Mg 2+ availability to plants (Hermans et al., 2010) . Changes in response to cell damage after harvest include a decrease in starch content and an elevation in cellular respiration and enzymatic activities including regulation of ROS synthetase (Zidenga et al., 2012; Xu et al., 2013) . The involvement of Ca 2+ -calmodulin in PPD development in cassava was reported by Owiti et al. (2011) . A possible cross talk among Ca 2+ signaling, ROS, and programmed cell death to finetune the PPD process was recently suggested (Djabou et al., 2017) . Moreover, supplying Ca 2+ and Mg 2+ fertilizer during crop growth may also influence the mineral content of the harvested storage root or tuber (Palta, 2010) . Information on whether soil composition and/ or fertilization have an effect on mineral concentrations in cassava roots, as well as on PPD development, is lacking. Investigating the effects of Ca 2+ and Mg 2+ fertilization on PPD development will not only provide new insight into the control of this phenomenon but will also contribute to elucidating the cascade of events associated with the establishment of PPD in CSRs. The aim of the study was to assess the effect of augmenting the supply of Ca 2+ and Mg 2+ by soil fertilization on the antioxidant activities and mineral and starch contents in CSRs during PPD. The experiment was performed in the open air. The climate at the experiment site is tropical with two distinct seasons-the dry season (spring and winter) is warm and windy, whereas the wet season (summer and autumn) is hot and humid. The average annual temperature ranges from 24.5 to 25.28°C, and the average annual rainfall is ?2000 or <1000 mm (Gao et al., 1988) . Precipitation varies greatly, with distinct dry and wet seasons; 90% of the rain occurs from May to October, and little rain occurs from November to April.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Ten milliliters of 70% ethanol were added to the sample; the mixture was heated at 60°C for 20 min and centrifuged at 5000g for 5 min. The supernatant was discarded and the pellet was collected. The operation was repeated three times. The remaining starch was dissolved in a boiling solution of CaCl 2 at 119°C for 20 min. After cooling at room temperature, 1 mL of 15% K 4 [Fe(CN) 6 ]×3H 2 O and 1 mL of 30% ZnSO 4 ×7H 2 O were added to each sample, and the mixture was transferred into a 100-mL volumetric flask. The final volume was adjusted to 100 mL with distilled water. The solution was then filtered using Whatman filter paper. The optical activity of the filtrate was measured using a polarimeter (WZZ1), and the starch content was calculated using the following equation: starch content (%) = (100A ´ 100)/[(2 ´ 184)m], where A is the absorbance of the solute, 2 is the length of the polarimeter tube in decimeters, 184 is the specific rotation of cassava starch, and m is the weight of the sample.
Hydrogen Peroxide Quantification
The flesh of CSRs was ground into powder with liquid N using a mortar and pestle. About 100 mg of the frozen powder was rapidly homogenized in 900 mL of 15 mM of ice-cold physiological saline solution. The homogenate was centrifuged at 10,000 rpm for 10 min at 25°C, and the supernatant was recorded. The supernatant (500 mL) was used for the determination of H 2 O 2 content using a kit (Nanjing Jiancheng Bioengeneering Institute, China). The fluorescence was quantified using an Ultraspec 2100 Pro (Amersham Healthcare Biosciences) at 405 nm. The samples were analyzed in triplicate.
Evaluation of Antioxidant Enzyme Activities
Assay of Superoxide Dismutase and Peroxidase Activities
The flesh of CSRs was ground into powder with liquid N. About 100 mg of the powder was homogenized in 900 mL of 0.1 M phosphate saline buffer (pH 7.4) for peroxidase (POD) and superoxide dismutase (SOD) evaluation. The homogenate was centrifuged at 3500 rpm for 10 min at 25°C. The supernatant was collected to determine the activity of each enzyme using spectrophotometric diagnostic kits (Nanjing Jiancheng Bioengeneering Institute) in three replicates. The activities of SOD and POD were detected according to the manufacturer's instructions, as described by Hu et al. (2016) .
Assay of Catalase Activity
The flesh of CSRs was ground into powder with liquid N. About 100 mg of the frozen powder was homogenized in 900 mL of 15 mM of ice-cold physiological saline solution. The homogenate was centrifuged at 2500 rpm for 10 min at 25°C. The supernatant was collected to evaluate the activity of the enzyme using kits (Nanjing Jiancheng Bioengeneering Institute) according to the manufacturer's instructions, as described by Hu et al. (2016) .
Assay of Ascorbate Peroxidase Activity
Ascorbate peroxidase (APX) activity was measured via a commercial assay kit (Beijing Solarbio Technology Company, China) according to the supplier's protocol. (Howeler, 2002) . Each treatment consisted of five plants in three repetitions with one plant per pot.
Application of Calcium and Magnesium Fertilizers
Eight months after planting, CSRs were harvested, washed, and kept in a controlled environment chamber at 25°C and 60 to 80% humidity for PDD evaluation and biochemical analysis. At each time point, harvested tubers were manually peeled with broad-bladed stainless steel knives. Evaluation of PPD was made by cross-sectioning of the middle of at least three CSRs at 0, 3, 6, 15, and 30 d after harvest (DAH). A sliced section of ?2-cm thickness was photographed for visual observation of PPD development. Onset of PPD was determined by the observation of blue, black, or brownish discoloration on the parenchyma, as is characteristic of PPD (Wheatley, 1982; Salcedo et al., 2010) . Slices of flesh sample were snap frozen in liquid N and kept at −80°C for future quantification of H 2 O 2 content and evaluation of enzymatic activities. Mineral and starch content were determined after sample drying in an oven at 50°C for 5 d.
Mineral Content Quantification
The sample (0.4 g) was accurately weighed from the dried result of the procedure described above and subjected to various heating grades as follows: 150°C for 30 min until it ceased to smoke, 300°C for 30 min, and 550°C for 3 h to obtain a whitish or grayish ash. The ash was dissolved in 5 mL of 37% HCl and heated for 30 min at 140°C. The mixture was transferred into a 100-mL volumetric flask, and the volume was completed to 100 mL with distilled water. This constituted the basic solution.
The mineral content was determined by atomic absorption spectrophotometry according to García and Báez (2012) with a Varian atomic absorption spectrophotometer (AA-7000, Shimadzu) with an air-acetylene flame and wavelengths set to 422.7, 285.2, 766.5, and 589 nm for Ca, Mg, K, and Na, respectively. The samples were aspirated into the flame, and the corresponding absorption of characteristic radiation by the atomic vapor of the element was recorded. Calcium carbonate, MgSO 4 , KNO 3 , and NaCl were used as the respective standards for Ca, Mg, K, and Na. For Na and K determination, 1 mL of the basic solution was dissolved in 9 mL of distilled water; for Ca and Mg determination, 1 mL of the basic solution was dissolved in 3.5 mL of distilled water. To eliminate P interference, 1% La was added to the sample ash solution of Ca and the standard solution of CaCO 3 . For each ash solution, the analyses were performed in triplicate.
Starch Content Quantification
Precisely 0.1 g of dry CSR flesh was used for the determination of starch content, according to the International Association for Cereal Science and Technology Method 122 (ICC, 1994) .
Statistical Analysis
The experiments using pots were arranged in a completely randomized design. All of the experiments were performed in triplicate. One-way ANOVA was performed to test the variance among the means of different treatments, and Tukey's test was used to compare treatment means. Significance was determined at p < 0.05. The results were expressed as the mean of three biological replicates. All statistical analyses were performed with the software SPSS version 20 (IBM Corporation, 2011).
RESULTS
Effect of Calcium and Magnesium Soil Fertilizers on Morphological Changes of Storage Roots during Storage
Morphological symptoms of PPD in storage roots were recorded as shown in Fig. 1 . The first symptom of PPD was observed in the SC5 control at 6 DAH while in Mg-treated plants. Discoloration related to PPD was observed at 30 DAH in storage roots. Delay of PPD onset was observed in SC5 in tubers from plants treated with Ca 2+ fertilizer (Fig. 1A) . In QZ1, the first sign of PPD was observed in the treatment with Mg 2+ fertilizer at 6 DAH, followed by the Ca 2+ fertilizer treatment at 15 DAH (Fig. 1B) .
Effect of Calcium and Magnesium Fertilizers on the Number and Fresh Weight of Tubers at Harvest
Eight months after planting, CSRs were harvested, and the numbers of tubers per plant as well as the average fresh weight of storage roots per plant were recorded. The soil fertilization did not exert a significant effect on the number of tubers per plant. However, when comparing genotypes, SC5 produced more roots than QZ1 (Table 1) . These results could account for why the genotype SC5 presented a higher fresh weight of roots than QZ1.
Mineral Content Analysis of Cassava Storage Roots
The mineral contents of the CSRs are presented in Table 2 
Analysis of Cassava Storage Roots Starch Content
The starch content in CSRs gradually decreased in both genotypes in response to soil fertilization from 0 to 30 DAH. In the SC5 genotype, a significant decrease was observed in tubers from plants treated with Mg 2+ fertilizer from 6 to 30 DAH (Table 3) . In QZ1, a slight decrease occurred with all the treatments from 0 to 15 DAH. Both genotypes showed considerable decrease of starch content at 30 DAH. The activity of CAT in QZ1 gradually increased from 0 to 30 DAH, and the highest activity of CAT was observed in the CSRs treated with Mg 2+ fertilizers in SC5 and treated with Ca 2+ fertilizers in QZ1 at 30 DAH (Table 5 ). High activity levels of APX in QZ1 were observed in the control and both treatments at 6 DAH. At 15 DAH, the APX activity in SC5 and QZ1 treated with Ca 2+ and Mg
2+
fertilizers was greater than that in the control.
DISCUSSION
Soil fertilization with Ca 2+ and Mg 2+ delayed the onset of PPD symptoms up to 10 d in SC5, a PPD-susceptible cassava genotype. This is consistent with the report of Aghofack-Nguemezi and Tatchago (2010), who also observed a shelf life prolongation of red-ripe tomatoes (Solanum lycopersicum L.) as well as a ripening delay in mature green tomatoes fertilized with Ca 2+ and Mg
2+
. In fact, it is well established that the Ca ion can delay ripening and senescence by stabilizing the cell membrane and increasing the rigidification of monolayers (AghofackNguemezi and Tatchago, 2010) . Furthermore, the severity and incidence of potato tuber rot was minimized by the application of Ca 2+ during potato growth (Mantsebo et al., 2014) . The Mg ion affects electrostatic cross-linking between membrane components to a lesser extent than the Ca ion (Leshem, 1991; Aghofack-Nguemezi and Tatchago, 2010) .
Antioxidant enzymes are one of the important reactive oxygen detoxifier systems in plant cells. Therefore, an increase in antioxidant enzyme activity can be considered an important defense strategy against oxidative stress (Shi et al., 2006) . Fertilization with Ca 2+ and Mg 2+ had a positive effect on antioxidant production in both genotypes, which is in accordance with Siddiqui et al. (2012) . An increase in antioxidant activity was also reported in tomatoes under a high concentration of Mg (Fanasca et al., 2006) . Calcium has been shown to influence the production of heat shock proteins that help the
Changes in Hydrogen Peroxide Content in Cassava Storage Roots
The changes in H 2 O 2 content of SC5 and QZ1 are presented in Table 4 . A significant decrease of H 2 O 2 content was observed at 3 and 6 DAH in both genotypes in tubers from plants treated with Ca 2+ fertilizer compared with the control. However, high amounts of H 2 O 2 were accumulated in the control as compared with the Ca 2+ and Mg 2+ fertilizer treatments at 3 and 6 DAH (Table 4) .
Activity Changes in Antioxidants in Cassava Storage Roots
The effects of fertilization on antioxidant activities are presented in Table 5 . In SC5, the activity of SOD in tubers from plants treated with Ca 2+ and Mg 2+ fertilizers was higher than in the control at 3 DAH and then decreased in both treatments at 6 and 15 DAH (Table 5) . In QZ1, SOD activity after treatment with Ca 2+ fertilizers was lower than in the control and after treatment with Mg 2+ fertilizers at 3 DAH. plant to tolerate the stress of prolonged heat (Chang et al., 2006) . Furthermore, the addition of Ca 2+ to the tip of the pollen tube caused increased ROS accumulation (Wilkins et al., 2011) . On the other hand, a decrease of antioxidant enzyme was observed in wheat (Triticum aestivum L.) after Ca 2+ foliar application (Dolatabadian et al., 2013 ) suggesting a significant role of Ca in the protection of plants against oxidative stress.
The present study showed that the application of Ca (Devi et al., 2012; Marschner, 2012) .
Application of Ca 2+ had a significant effect in increasing the average weight of tubers. On the contrary, the lowest number of CSRs per plant was observed in the Ca 2+ treatment. This result was similar to that reported by Ozgen and Palta (2004) , who found both an improvement of tuber grade and a decrease of tuber number in potatoes after soil Ca 2+ application. An increase in Ca 2+ concentration in the soil may suppress tuberization signaling by increasing gibberellic acid (Ozgen and Palta, 2004) . There has been strong evidence for the critical role of gibberellic acid in tuberization (Xu et al., 1998) , which can also be modulated by a Ca 2+ -calmodulin pathway (Gilroy and Jones, 1993) .
In conclusion, Ca and Mg appear to be involved in the modulation of enzymatic activities during PPD in CSRs. The increase of Ca 2+ content under Ca 2+ fertilization followed by a delay of PPD onset for 10 d in SC5 has provided an important clue for PPD control by manipulating soil Ca and mineral contents. Furthermore, these results elucidate the implication of Ca 2+ signaling in the PPD process and its connection with ROS, since an increase of antioxidant activities was observed in the tubers from plants treated with Ca fertilizer.
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